To understand the novel mode of ubiquitination by SdeA, we aimed to obtain structural insights into the function of this enzyme. First, we identified SdeA residues 213 to 907 comprising both PDE and mART domains as the minimal stable fragment that can ubiquitinate the known SdeA substrate Rab33b^[@R2],[@R3]^, albeit less efficiently than full-length SdeA (SdeA~FL~) ([Extended Data Fig. 1a, b](#F5){ref-type="fig"}). We crystallized SdeA~213-907~ and determined the structure at 2.8Å ([Table S1, supplementary information](#SD3){ref-type="supplementary-material"}). In the structure, each asymmetric unit contained one molecule of SdeA~213-907~ comprising three distinct domains ([Fig. 1a](#F1){ref-type="fig"}). The PDE domain spans residues 222-593, which is α-helical in nature. Structure comparison analysis revealed that the PDE domain of SdeA is most similar to that of the *Legionella* effector protein lpg1496 (PDB: 5BU2) (r.m.s.d. of 2.3Å over 239 Cα atoms)^[@R4]^. The closest structural mammalian homologue of the SdeA PDE domain is human SAMHD1, a dNTP hydrolase with functions in the innate immune response (r.m.s.d. of 4.1Å over 165 Cα-atoms)^[@R5]^. The mART domain is situated at the C-terminus (residues 594-907) and comprises two distinct and spatially separated lobes, namely the α-helical lobe (residues 594-758, AHL) and the mART-core (residues 759-907). The mART-core interacts strongly with the PDE domain and is composed mostly of β-strands with a couple of α-helices. Surprisingly, in our crystal structure the AHL has no physical proximity to the mART-core unlike in the structures of other bacterial ADP-ribosylating enzymes where it is an integral part of the mART domain and contributes to NAD^+^ binding and ADP-ribosylation of the substrate^[@R6]^. The solution structure of SdeA~213-907~ that was determined using small-angle X-ray scattering (SAXS) revealed a similar orientation of AHL in solution as seen in the crystal ([Extended Data Fig. 1c](#F5){ref-type="fig"}, [Table S2, Supplementary information](#SD3){ref-type="supplementary-material"}). Superimposition of the AHLs of SdeA and Vis toxin, a bacterial ADP-ribosyl transferase from *Vibrio splendidus* (PDB: 4Y1W), revealed a proximal conformation of the AHL, which differs substantially from that seen in the crystal structure ([Fig. 1b](#F1){ref-type="fig"}). We hypothesize that the AHL of SdeA~213-907~ could transiently adopt a conformation proximal to the mART-core for NAD^+^ binding and processing ([Fig. 1b](#F1){ref-type="fig"}). Consistent with this hypothesis, deletion of the AHL (residues 599-758) led to a complete loss of ADP-ribosylation of ubiquitin and ε-NAD^+^ hydrolysis^[@R7]^ ([Fig. 1c](#F1){ref-type="fig"}, [Extended Data Fig. 2a](#F6){ref-type="fig"}). Mutating residues in the two flexible loops flanking the AHL affected substrate ubiquitination in SdeA~213-907~ but not in SdeA~FL~, suggesting that the dynamic conformational shift of AHL only occurs in the context of SdeA~213-907~, whilst the position of AHL in SdeA~FL~ is fixed to the proximal, active form by the C-terminal region (CTR, residues 909-1499) ([Extended Data Fig. 2b,c](#F6){ref-type="fig"}). Accordingly, SdeA~FL~ exhibited a much greater NAD^+^ sensitivity in our *in vitro* ubiquitination experiments, resulting in complete modification of 10 μM Ub with 20μM NAD^+^, whereas the activity of SdeA~213-907~ gradually increased proportional to the increase in the NAD^+^ concentration ([Fig. 1d](#F1){ref-type="fig"}). Similarly, SdeA~FL~ exhibited a marked increase in activity compared to SdeA~213-907~ with respect to the ε-NAD^+^ hydrolysis kinetics measured *in vitro* ([Fig. 1e](#F1){ref-type="fig"}). SdeA~213-907~ failed to detectably ubiquitinate Rab33b in HEK293T cells perhaps due to insufficient cellular NAD^+^ concentration ([Extended Data Fig. 2d](#F6){ref-type="fig"}). Moreover, limited proteolysis experiments with SdeA constructs containing different C-terminal extensions revealed that the construct ending at residue 1233 is indigestible while shorter constructs collapse to SdeA~213-907,~ indicating that the CTR induces a compact/closed state of the SdeA structure ([Extended Data Fig. 2e](#F6){ref-type="fig"}). Mixing purified CTR (residues 909-1499) or shorter CTR (residues 909-1233) with SdeA~213-907~ increased the catalytic activity of SdeA~213-907~ to the same level as SdeA~FL~ ([Fig. 1e](#F1){ref-type="fig"}). These results are in accordance with the crystal structure of a longer construct of SdeA whereby CTR is stabilizing the proximal orientation of AHL (Yue Feng, accompanying manuscript). Detailed analysis of the structure of the mART domain and its interaction with the PDE domain is presented in the [supplemental information](#SD3){ref-type="supplementary-material"} ([Extended Data Fig. 3](#F7){ref-type="fig"}--[4](#F8){ref-type="fig"}).

The PDE domain of SdeA hydrolyses ADP-ribosylated Ub (ADPR-Ub) and catalyses transfer of Ub to serine residues of the substrate protein via a phosphoribose linker^[@R3]^. The catalytic pocket of PDE in SdeA is lined by several conserved histidines ([Fig. 2a](#F2){ref-type="fig"}) and mutation of H277 or H407 was previously shown to completely abolish the activity of the PDE domain^[@R8]^. We hypothesized that the PR-ubiquitination reaction by SdeA might take place via a transient intermediate involving covalent attachment of phosphate to a catalytic histidine residue^[@R9]^. Phosphohistidine intermediates are difficult to observe due to their extreme lability^[@R10],[@R11]^. Therefore, we introduced a few key mutations in the catalytic pocket of the PDE domain to stabilize a potential intermediate. Surprisingly, we observed a SdeA-Ub intermediate that is sensitive to heat treatment only in the H407N mutant ([Extended Data Fig. 5a](#F9){ref-type="fig"}, [Fig. 2b](#F2){ref-type="fig"}). Using mass-spectrometry analysis of the tryptic digest of the intermediate reaction, we could identify an ion with the exact mass of Ub 34--48 bridged to SdeA 275-284 by phosphoribose. We applied low energy HCD (High-energy collisional dissociation) fragmentation to specifically cleave the phosphoramidate bond. Indeed, the generated fragment ion corresponded to SdeA 275-284 and phosphoribosylated Ub 34--48 ([Fig. 2c](#F2){ref-type="fig"}). This analysis revealed that H277 of SdeA is linked by phosphoribose to Ub through a phosphoramidate bond. We further validated the identity of the histidine-bridged intermediate by high-energy fragmentation generated ion series of the peptide backbones ([Extended Data Fig. 5b](#F9){ref-type="fig"}). Utilizing rhodamine-labelled Ub and HA-Ub, we observed that both Ub variants were attached to SdeA H407N in a heat-dependent manner ([Extended Data Fig. 5c, d](#F9){ref-type="fig"}). Upon heating, the levels of intermediate decreased with a concomitant increase of PR-Ub, indicating that PR-Ub is indeed attached to a catalytic histidine of SdeA ([Extended Data Fig. 5e](#F9){ref-type="fig"}). Interestingly, residue E340 forms a hydrogen bond with H277 potentially activating this histidine to be a strong nucleophile ([Fig. 2a](#F2){ref-type="fig"})^[@R12]^. Both double mutants H277A_H407N and E340A_H407N failed to form the intermediate, supporting our notion that H277 is the intermediate forming residue and that E340 plays a critical role in the activation of H277 ([Extended Data Fig. 5f](#F9){ref-type="fig"}). Based on the observed stabilization of the intermediate in H407 mutants, we propose a general role for H407 in orienting and activating a water molecule or the substrate serine for a nucleophilic attack on H277-PR-Ub ([Fig. 2d](#F2){ref-type="fig"}). Accordingly, SdeA~213-907~ H407N is defective in substrate ubiquitination and only partially active in producing PR-Ub ([Extended Data Fig. 6a](#F10){ref-type="fig"}). Together, we propose a two-step phosphoryl transfer reaction scheme for the PDE-mediated PR-ubiquitination of substrates ([Fig. 2d](#F2){ref-type="fig"}). This model is also supported by the crystal structure of ADPR-Ub in complex with the PDE domain of SdeD (Yuxin Mao, accompanying manuscript). In addition to revealing critical roles for the two histidine residues, the structure of PDE also showed that side chains of Y347 and R413 are inserted into the catalytic centre and could be potentially involved in either the phosphoryl transfer activity or the binding of ADPR-Ub to SdeA ([Fig. 2a](#F2){ref-type="fig"}). Indeed, mutating these residues into alanine inhibited PR-ubiquitination by SdeA ([Extended Data Fig. 6b, c](#F10){ref-type="fig"}).

To gain insights into substrate recognition by SdeA, we set out to identify ubiquitination sites within the recently described SdeA substrate RTN4B using a mass-spectrometry based approach^[@R3]^. We discovered two ubiquitination sites in the cytoplasmic part of RTN4B, where each site contained two serine residues that are targeted by SdeA for ubiquitination ([Extended Data Fig. 7a,b](#F11){ref-type="fig"}). RTN4B peptides of \~13 residues containing the target serine residues served as substrates for SdeA ([Fig. 3a](#F3){ref-type="fig"}). Alignment of all peptide sequences containing known SdeA target serines using Seq2logo server^[@R13]^ generated a sequence motif ([Fig. 3b](#F3){ref-type="fig"}, [Extended Data Fig. 7c](#F11){ref-type="fig"}), in which the target serine is in the vicinity of hydrophobic residues and is flanked by proline residues. Furthermore, we produced 47 degenerate peptides based on one of the RTN4B ubiquitination sites and performed ubiquitination assays with all of them ([Table S3, supplementary information](#SD3){ref-type="supplementary-material"}, [Fig. 3c](#F3){ref-type="fig"}). Individual peptide sequences and their fractional activity was given as input for NNalign server to generate a sequence motif^[@R14]^. The resulting sequence motif confirms the importance of hydrophobic residues surrounding the target serine sites for SdeA ubiquitination ([Fig. 3d](#F3){ref-type="fig"}). Importantly, we have identified an AMP analogue, Adenosine 5′-O-thiomonophosphate (AMPS) that acts as a low affinity inhibitor of substrate ubiquitination by the SdeA PDE domain via affecting substrate positioning ([Supplementary information](#SD3){ref-type="supplementary-material"}, [Extended Data Fig. 8](#F12){ref-type="fig"}). AMPS also inhibited the ubiquitination activity of SdeC, a paralogue of SdeA ([Extended data Fig. 8g](#F12){ref-type="fig"}) indicating the potential implications of this lead compound in developing novel inhibitors against this class of *Legionella* toxins.

Further inspection of the SdeA PDE domain structure revealed the existence of a cleft on the surface that leads to the active site of the PDE containing the catalytic residue H277 ([Fig. 4a](#F4){ref-type="fig"}). We hypothesized that this cleft could bind and position polypeptides containing substrate serines. We identified several SdeA cleft mutants ([Fig. 4b](#F4){ref-type="fig"}) that are associated with a substantial decrease in substrate ubiquitination, whilst showing negligible effect on phosphoribosylation of Ub ([Fig. 4c](#F4){ref-type="fig"}, [Extended Data Fig. 9a](#F13){ref-type="fig"}). Among the mutants, M408A, L411A and M408A_L411A had the biggest effect on Rab33b ubiquitination in both SdeA~213-907~ and SdeA~FL~. These mutations also affected ubiquitination of RTN4B indicating that SdeA recognizes multiple structurally different substrates via this region ([Fig. 4d](#F4){ref-type="fig"}).

The identification of substrate-binding mutants of SdeA enabled us to investigate which of its two functions: phosphoribosylation of Ub or substrate ubiquitination^[@R3]^ is physiologically relevant. The *L. pneumophila ΔsidEs* mutant^[@R2]^ was complemented with either SdeA~FL~ wt or various substrate-binding mutants ([Extended Data Fig. 9b](#F13){ref-type="fig"}). Both M408A and M408A_L411A mutants lost the ability to complement the growth of the bacterial strain lacking the *sidE* effector family in the amoebae host *Dictyostelium discoideum* ([Fig. 4e](#F4){ref-type="fig"}, [Extended Data Fig. 9c](#F13){ref-type="fig"}) and also failed to restore the Δ*sidE*s mutant in the recruitment of RTN4 to the *Legionella*-containing vacuole during infection in primary murine macrophages ([Fig. 4f](#F4){ref-type="fig"}, [Extended Data Fig. 9d](#F13){ref-type="fig"}). Together, our results indicate that targeting of specific substrates for ubiquitination rather than the modification of Ub is the central function of SdeA in acute bacterial pathogenicity.

The SdeA structure and the detailed biochemistry presented here give us a first-hand glimpse into the atomic details of the PR-ubiquitination catalysed by the SidE family of bacterial enzymes and allowed us to pin down substrate ubiquitination as the pathogenic principle of SdeA. PR-ubiquitination by the PDE domain progresses through a transient intermediate in the form of SdeA:H277-PR-Ub, which is subsequently attacked by the OH group of the target serine of the substrate for successful Ub transfer. This suggests a double displacement mechanism for PDE catalysis where the binding of PR-ubiquitination substrates at the PDE active site may first require release of AMP generated during the intermediate formation. This is consistent with the juxtaposed catalytic groove of PDE domain and the substrate binding cleft. Interestingly, the active sites of mART and PDE are facing opposite sides of the molecule ([Fig. 1a--b](#F1){ref-type="fig"}), hinting that there may not be a direct transfer of ADP-ribosylated Ub between the catalytic centres of mART and PDE domain. However, potential dimerization of SdeA as observed with purified proteins in solution ([Extended Data Fig. 10](#F14){ref-type="fig"}) may enable these two catalytic sites to face each other *in trans*. Sequence analysis of SdeA substrates revealed that the target serine residues could occur in disordered regions in line with the limiting size of the substrate-binding cleft in SdeA PDE domain ([Fig. 4b](#F4){ref-type="fig"}). Based on the substrate recognition motif identified in this study, we propose that SdeA could be a broad specificity ligase targeting disordered serine residues in multiple substrates. Therefore, the specificity of SdeA-mediated ubiquitination during *Legionella* infection could rather be conferred by its recruitment to the endoplasmic reticulum, where currently identified *in vivo* substrates of SdeA reside^[@R2],[@R8]^. Importantly, the dissection of PR-ubiquitination catalysis by SdeA presented here may also aid the future discovery of related mammalian enzymes.

Methods {#S1}
=======

Expression and Purification {#S2}
---------------------------

Expression and purification of SdeA and Rab33b have been described previously^[@R2]^. Briefly, T7 express cells were transformed with SdeA wildtype (UniProt accession code: Q5ZTK4) and mutant constructs cloned in a modified pET21a vector with a C-terminal CPD (Cysteine Protease Domain)- His tag. Rab33b was cloned into pET21a vector with a C-terminal His tag. For Selenomethionine labeled SdeA~213-907~, the plasmid was transformed into B834 competent cells and was expressed using Selenomethionine containing minimal media (Molecular Dimensions). T7 express transformed cells were grown in LB media at 37°C to an OD of 0.6--0.8, induced with 0.5 mM IPTG (Isopropyl β-D-1-thiogalactopyranoside), grown overnight at 18°C and harvested. The cell pellet was resuspended in a buffer containing 50 mM Tris-HCl pH 7.5, 300 mM NaCl, 10% (v/v) Glycerol, 1 mM PMSF, Dnase and Protease inhibitor cocktail tablets (Roche). The cells were lysed by sonication. Clarified supernatant (12,000 rpm, 4°C, 40 minutes) was incubated for 1 hour with pre-equilibriated Talon beads before washing three times with 50 mM Tris-HCl pH 7.5, 300 mM NaCl, 10% (v/v) Glycerol. For RTN4B purification, the clarified supernatant was spun again (40,000 rpm, 4°C, 90 min) to collect membrane fractions. The membranes were homogenized and solubilized in the presence of 1% n-Dodecyl β-D-Maltoside (DDM). For the rest of RTN4B purification, 0.05% (w/v) DDM was maintained in the buffer. For Rab33b purification, the protein was eluted using 200 mM Imidazole after binding to Talon beads. The CPD-His tag of SdeA and RTN4B were cleaved off the protein while it was still bound to Talon beads using 100 μM Phytic acid. For biochemical assays, the buffer was exchanged to a final buffer of 10 mM HEPES pH 7.5, 150 mM NaCl and 1 mM TCEP. For crystallization, SdeA~213-907~ was loaded onto a Q-Sepharose column after CPD tag cleavage. SdeA~213-907~ eluted in flowthrough, while most of the impurities were bound to the column. The fractions containing the protein was then concentrated before injecting on a Superdex 75 16/60 size exclusion chromatography column pre-equilibrated with 10 mM HEPES pH 7.5, 150 mM NaCl, 1 mM TCEP. The protein eluted in a single peak and fractions were pooled together and concentrated to 25 mg/ml before setting up crystallization screens.

Limited proteolysis {#S3}
-------------------

1 mg of SdeA~193-998~ was incubated with 50 μg of GluC in 20 mM HEPES pH 7.5, 50 mM NaCl and 10 mM MgSO~4~ for 1 hour on ice. This was followed by size exclusion chromatography of the reaction on a Superdex 75 16/60 column equilibrated with 10 mM HEPES pH 7.5, 150 mM NaCl. The fractions were pooled and protein MALDI mass spectrometry was performed. The protein fragment of interest was then identified based on the exact mass using the Expasy server tool Findpept. Various constructs of SdeA were also similarly proteolyzed by GluC and analyzed by coomassie stained SDS gel.

Crystallization {#S4}
---------------

The purified protein was clarified by centrifugation (10,000 rpm, 10 min, 4 °C) before setting up crystallization plates. Sitting drop and hanging drop sparse matrix screens in 96-well format were set up with 125 nl protein + 125 nl precipitant solution. The protein crystallized in 100 mM Bis Tris Propane pH 7.0--8.0, 0.1--0.2 M sodium citrate tribasic dihydrate, 20--30% (w/v) PEG 3350 at 20°C. The morphology of the thin plate like crystals was improved using 0.5--1% (v/v) ethylene glycol and 50--200 mM Non-detergent sulfobetaine-201 (NDSB-201) as additives. The crystals were cryoprotected using mother liquor supplemented with 15% (v/v) glycerol and 10% (v/v) ethylene glycol and flash frozen in liquid nitrogen. For inhibitor bound structure, the purified protein was incubated with 5 mM 5′-AMPS before setting up crystallization plates. SeMet labelled SdeA crystallized in similar conditions as wildtype SdeA.

Data collection, data processing and structure solution {#S5}
-------------------------------------------------------

Both SeMet and native diffraction data were collected at PXIII beamline of the Swiss Light Source, Villigen. Native data were collected at wavelength 1.00003 Å. The data were processed using XDS^[@R15]^. SAD (Single Anomalous Dispersion) data from SeMet crystals were collected at wavelength 0.97927 Å and were processed using XDS and the phases were calculated using Phenix autosol^[@R16]^. Using these initial phases, buccaneer was used to build most of PDE domain and segments of mART and AHL that were well-ordered ^[@R17]^. After manual correction of the output model of buccaneer, MR-SAD was performed using PHENIX autosol to further improve the phases. Further building was done manually in Coot using SeMet positions as a guide^[@R18]^. Using the model obtained from experimental phases, molecular replacement was performed for the native data of SdeA extending to 2.8 Å. Further iterative cycles of manual building and refinement were performed using coot and refinement programs phenix refine and Buster (Global phasing)^[@R16],[@R19]^. Ramachandran statistics for the refined SdeA core structure are favored: 93.6%, allowed: 6.4%, outliers: none.

*In vitro* ubiquitination assays {#S6}
--------------------------------

SdeA ubiquitination experiments were done as described before^[@R3]^. Briefly, 2.5 μg of purified untagged ubiquitin and 2 μg Rab33b was incubated with 1 **μ**g of SdeA (FL, 213-907 wildtype and variants and SdeA PDE domain) at 37 **°**C for 30 minutes in the presence or absence of 200 μM NAD^+^ in a buffer containing 50 mM Tris-HCl pH 7.5, 50 mM NaCl in a final reaction volume of 30 μl. For reactions involving SdeA PDE domain, purified ADP ribosylated ubiquitin (2.5 μg) was used instead of NAD^+^. ADP ribosylated ubiquitin was generated using SdeA H277A mutant and purified using size exclusion chromatography. The reaction mixture was subjected to SDS-PAGE followed by Coomassie staining. Alternatively, reaction mixture was subjected to SDS-PAGE followed by western blotting using ubiquitin antibody and pan-ADP ribose antibody (Millipore) or to phosphostaining procedure to identify PR-UB (Pro-Q diamond phosphostaining protocol, ThermoFischer). Ubiquitination assays with bacterial lysates were performed in a similar manner except that the clarified bacterial lysate containing over-expressed SdeA~213-907~ or mutants were used in the reaction instead of purified SdeA proteins. For ubiquitination assays using FL GFP tagged SdeA constructs, we transfected 2 μg of GFP tagged SdeA constructs into HEK293T cells cultured in 6-well plate. Cells were harvested after 24 hours and lysed in 150 μL of lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 10% glycerol, protease inhibitors cocktail and 1mM PMSF). Using 15μL GFP-trap beads we purified the GFP tagged SdeA proteins from the clarified lysate. After extensive washing of the beads, an *in vitro* ubiquitination reaction was set up in 30 μL reaction buffer (50 mM Tris-HCl, 50 mM NaCl, pH 7.4) with 3 μg purified Rab33b, 2.5 μg ubiquitin and 0.2 μM NAD^+^. Reaction was performed at 37 °C in a thermomixer while shaking. After 30 mins, the reaction was stopped by adding SDS loading buffer and the samples were analyzed using Coomassie staining of SDS gel and western blotting. The reaction mixture was analyzed similar to the assays using bacterially purified SdeA~213-907~ except for the use of complimentary ubiquitin antibodies described in our previous paper (CS-Ub and abcam-Ub) to monitor ubiquitin modification^[@R3]^. Where indicated ADPR-Ub was used as co-factor in reactions instead of Ub and NAD. Peptide ubiquitinations were carried out with 0.5mM of each peptide as substrate with SdeA~FL~. All experiments were repeated at least twice.

ε-NAD^+^ hydrolysis {#S7}
-------------------

For measuring ubiquitin ADP-ribosylation kinetics of SdeA~213-907~ and mutants, ε-NAD hydrolysis assay was performed. The method has been previously described ^[@R7]^. 5 μg of SdeA wt or mutant protein was incubated in a buffer containing 50 mM Tris pH 7.5, 50 mM NaCl with 100 μg of ubiquitin in a 100 μL reaction buffer. ε-NAD was added to final concentration of 1 mM to start the reaction. Fluorescence of ε-adenine (excitation wavelength: 300 nm, emission wavelength: 410 nm) was monitored using a plate reader at 25 °C at every 1 minute interval. Constructs of C-terminal region (909-1499 and 909-1233) were added in 1.5 molar excess of the SdeA~213-907~ to test their effect on the activity. All experiments were repeated at least twice.

Histidine intermediate analysis {#S8}
-------------------------------

This analysis was performed as described in Fuhs et al., with slight modifications^[@R11]^. Briefly, 4 μg of SdeA~213-907~ wt and mutant proteins are incubated with 10 μg Ub or labeled Ub and 2 mM NAD^+^ for 5 minutes at 37 °C. Reaction was stopped by transferring the contents onto ice and adding 5X SDS loading buffer (pH 8.8). Gel electrophoresis and transfer were conducted at 4 °C and analyzed by either Coomassie staining or fluorescence scanning or western blotting. All experiments were repeated at least twice.

Small-angle X-ray scattering {#S9}
----------------------------

SdeA~213-907~ was purified in 10 mM HEPES pH 7.5, 150 mM NaCl, 1mM TCEP by size exclusion chromatography (Superdex 200 increase). Each fraction was collected and concentrated with centrifugal concentration devices (50 kDa cut-off, [Table S2, supplementary information](#SD3){ref-type="supplementary-material"}). Scattering profile of flow through buffer from size-exclusion column was recorded as reference buffer scattering. SAXS data were collected at beamline P12, EMBL-DESY ([Table S2, supplementary information](#SD3){ref-type="supplementary-material"}). Primary data analysis was performed by *PRIMUS* from *ATSAS* package^[@R24]^. Bead modeling was conducted with *DAMMIF*^[@R25]^ and *DAMMIN*^[@R26]^ ATSAS package. SAXS curves from atomic model were generated and fitted to experimental data by *CRYSOL*^[@R27]^ and *SUPCOMB*^[@R28]^ from ATSAS 2.8.3 package.

Mass-spectrometry {#S10}
-----------------

For analysis of the Histidine intermediate, an *in vitro* ubiquitination reaction of SdeA~213-907~ H407N was stopped after 5 minutes by denaturation on ice in 5.3 M Urea pH 8.8 for 10 minutes. The sample was diluted to 2 M Urea with 50 mM ABC pH 8.8 and was loaded on a 30 kDa filter (Amicon Ultra, 0.5 ml, Merck). (Ub-)SdeA was trypsinised according to an adapted FASP-protocol as described previously^[@R3]^. In brief, the proteins were washed four times with 100 μl ABC and after adding Trypsin Gold (Promega) in an enzyme to protein ratio of 1:2 tryptic digestion was performed for 20 minutes at 22 °C. Tryptic peptides in 50 mM Ammonium bicarbonate pH 8.8 were loaded onto a 15 cm self-packed C18 column and separated with a short gradient (12 minutes from 10--38% Buffer B (80% Acetonitrile, 0.1% Formic Acid)) on an easy nLC2 system and injected online in Q Exactive HF mass-spectrometer. Targeted MS2 scans were used to specifically fragment the bridged intermediate with different collision energies. For partial and specific fragmentation of the phosphoramidate bond a normalized collision energy (NCE) of 15 was applied and for fragmentation of the peptide backbone NCE 30 was used. Spectra were annotated manually and StavroX 3.6 was used for additional identification of the peptide backbone fragments^[@R20]^. Identification of Phosphoribose bridged Ubiquitination sites in RTN4 was done as described before by HCD and targeted ETD fragmentation after a modified FASP digest^[@R3]^.

*L. pneumophila* strains and host infections {#S11}
--------------------------------------------

*L. pneumophila* strains used in this study were derivatives of the Philadelphia 1 strain Lp02^[@R1]^ and were grown and maintained on CYE (charcoal-yeast extract) plates or in N-(2-Acetamido)-2-aminoethane (ACES) buffered yeast extract (AYE) broth as previously described^[@R21]^. The sidE family in-frame deletion strain and complementation strains were described previously^[@R2]^. sdeAM408A and sdeAM408A_L411A mutant genes were cloned into pZL507^[@R3]^ for complementation. Raw264.7 cells were cultured in RPMI 1640 medium supplemented with 10% FBS. *Dictyostelium discoideum* AX4 cells were cultured in HL-5 medium, cells were maintained in MB medium for infection as described^[@R2]^. Infection experiments were performed in triplicates.

Infection {#S12}
---------

*L. pneumophila* strains were grown to the post-exponential phase (OD~600~=3.0--3.6) in AYE broth. Complementation strains were induced with 0.2 mM IPTG for 4 hours at 37°C before infection. Raw 264.7 cells were infected with *L. pneumophila* strains at an MOI of 10 for 2 h to detect the translocation of SdeA and its mutants. Raw cells were collected and lysed with 0.2% Saponin on ice for 30 minutes. Cleared cell lysates were resolved by SDS-PAGE and followed by immunoblotting with antibodies specific for SdeA and tubulin, respectively. Total *L. pneumophila* proteins were resolved by SDS-PAGE to evaluate the expression of SdeA by immunoblotting with SdeA-specific antibodies, and isocitrate dehydrogenase (ICDH) was probed as loading control with antibodies previously described^[@R22]^. For intracellular growth in *Dictyostelium discoideum*, infection was performed at an MOI of 0.1 and the total bacterial counts were determined at 24 hour intervals as described^[@R23]^. The enrichment of RTN4 by bacterial phagosomes was assessed by immunostaining in primary murine macrophages infected with the relevant *L. pnuemophila* strains for 2 hours at an MOI of 1.0. Immunostaining with anti-RTN4 (Lsbio cat\#LS-B6516-50) (1:500) was performed as described^[@R8]^. Infection experiments were performed in triplicates.

Antibodies and Immunoblotting {#S13}
-----------------------------

For immunoblotting, samples resolved by SDS-PAGE were transferred onto 0.2 μm nitrocellulose membranes (Pall Life Sciences cat\#66485). Membranes were blocked with 5% non-fat milk, incubated with the appropriate primary antibodies: anti-SdeA2, 1:10,000, anti-ICDH3, 1:10,000, anti-tubulin (DSHB, E7) 1:10,000. Membranes were then incubated with an appropriate IRDye infrared secondary antibody (dilution: 1:20,000) and scanned using an Odyssey infrared imaging system (Li-Cor's Biosciences).

Extended Data {#S14}
=============

![Catalytic core - SdeA~213-907~\
a) Limited proteolysis of SdeA fragment 193--998 and subsequent analysis of the fragments by Coomassie stained SDS gel and total mass analysis by mass spectrometry. b) In vitro ubiquitination of Rab33b by SdeA~FL~ and SdeA~213-907~. c) Scattering profile of SdeA~213-907~ with calculated scattering curve from crystal structure. Gunier region is shown in inset. (right upper) Ab initio bead model from *DAMMIN* was superimposed with crystal structure and shown in two orientations. (right lower) Pair distance distribution plot and *DAMMIN* model fitting results were shown. Experiments were repeated independently two times with similar results (Extended data Figure 1a--1b). For gel source data, see [Supplementary Figure 1](#SD2){ref-type="supplementary-material"}.](nihms962492f5){#F5}

![Role of AHL in SdeA\
a) ε-NAD^+^ hydrolysis assay in the presence of SdeA (SdeA~213-907~ and SdeA~213-907ΔAHL~) and ubiquitin (wildtype or R42A_R72A). b) *In vitro* ubiquitination assay with mutations in loops connecting AHL to PDE and mART catalytic core in SdeA~213-907~ and c) in SdeA~FL~. d) Substrate ubiquitination and ubiquitin modification by SdeA~FL~ and SdeA~213-907~ in HEK293T cells. Abcam Ub and Cell signaling Ub antibodies were used to monitor the levels of unmodified Ub and total Ub, respectively. e) Limited proteolysis analysis of various SdeA constructs. All experiments were repeated independently two times with similar results. For gel source data, see [Supplementary Figure 1](#SD2){ref-type="supplementary-material"}.](nihms962492f6){#F6}

![Characterization of mART domain\
a) Superimposition of the mART-core of SdeA with that of NAD^+^ bound iota toxin structure (PDB: 4H0Y). Residues in SdeA that are predicted to be important for NAD^+^ binding and hydrolysis are labeled b) *In vitro* ubiquitination assay with NAD^+^ binding site mutants in the mART-core of SdeA~213-907~. c) Residues at the interface between mART-core and AHL in proximal conformation (AHL~prox~). d) *In vitro* ubiquitination assays with the mutants of SdeA~213-907~ mART-core-AHL~prox~ interface residues indicated in 3c. e) Comparison of ε-NAD^+^ hydrolysis by SdeA~213-907~ and NAD^+^ binding site mutants and mutants disrupting the predicted mART-core-AHL~prox~ interaction. f) *In vitro* ubiquitination assays with the mutants of SdeA~FL~ mART-core-AHL~prox~ interface residues indicated in 3c. Experiments were repeated independently two times with similar results. For gel source data, see [Supplementary Figure 1](#SD2){ref-type="supplementary-material"}.](nihms962492f7){#F7}

![Interaction between PDE and mART-core\
a) Cartoon diagram showing the details of interaction between SdeA PDE and mART core. Important residues mediating the interaction are indicated in inset. b) Testing *in vitro* substrate ubiquitination and ubiquitin modification by PDE-mART core interaction mutants in SdeA~213-907~ and c) in SdeA~FL~. Experiments were repeated two times independently with similar results. For gel source data, see [Supplementary Figure 1](#SD2){ref-type="supplementary-material"}.](nihms962492f8){#F8}

![Histidine intermediate in SdeA catalysis\
a) *In vitro* ubiquitination reactions by various SdeA~213-907~ PDE site histidine mutants probed by coomassie stained SDS-PAGE. b) High-energy HCD fragmentation was used to generate fragments of the peptide backbone. We could identify multiple fragments of the SdeA 275--284 as well as of the Ubiquitin 34--48 peptide, to further validate the identity of the bridged active site. c) *In vitro* ubiquitination reaction by SdeA~213-907~ H407N mutant using Rhodamine labeled ubiquitin. d) *In vitro* ubiquitination reaction using HA tagged ubiquitin. e) *In vitro* ubiquitination reaction by SdeA~213-907H407N~ without and with heating probed by phosphostain. f) *In vitro* ubiquitination reaction using HA-Ubiquitin by various PDE mutants. These experiments were repeated independently two times with similar results. For gel source data, see [Supplementary Figure 1](#SD2){ref-type="supplementary-material"}.](nihms962492f9){#F9}

![PDE domain catalytic site\
a) *In vitro* Rab33b ubiquitination by SdeA PDE mutants. b) *In vitro* ubiquitination assays with PDE catalytic site mutants. c) *In vitro* Rab33b ubiquitination assays with GFP-SdeA~FL~ PDE catalytic site mutants purified from HEK293T cells. These experiments were repeated independently two times with similar results. For gel source data, see [Supplementary Figure 1](#SD2){ref-type="supplementary-material"}.](nihms962492f10){#F10}

![Substrate specificity of SdeA\
a,b) Fragmentation spectra of the bridged peptide indicating RTN4B ubiquitination sites. These experiments were done once c) Sequence motif of target serine sequences of SdeA as computed by Seq2Logo server.](nihms962492f11){#F11}

![Chemical inhibition of SdeA\
a) Chemical structure of adenosine-5′-thio-monophosphate (5′-AMPS). b) 5′-AMPS inhibition of Rab33b PR-ubiquitination by SdeA~FL~, SdeA~213-597~ and SdeA~213-907~ in the presence of ADPR-Ub. c) 5′-AMPS inhibition of RTN4B PR-ubiquitination by SdeA~FL~ d) *In vitro* ubiquitination by SdeA~FL~ in the presence of increasing concentration of 5′-AMPS and AMP. e) Apparent inhibition constants of AMP and 5′-AMPS against SdeA~FL~ calculated from quantification of substrate ubiquitination (panel-d). f) PDE domain of SdeC ubiquitinates Rab33b and RTN4B. g) Effect of 5′-AMPS on the ubiquitination activity by SdeC PDE. These experiments were done two times independently with similar results. For gel source data, see [Supplementary Figure 1](#SD2){ref-type="supplementary-material"}.](nihms962492f12){#F12}

![Effect of SdeA substrate-binding mutations *in vivo*\
a) *In vitro* Rab33b ubiquitination assays with GFP-SdeA~FL~ substrate-binding mutants purified from HEK293T cells. b) Expression and translocation of SdeA using wildtype and various mutant strains of *Legionella*. c) CFU fold change monitored in wildtype *Legionella* and Δ*sidEs* strain complemented with substrate ubiquitination defective mutant plasmids (n=3 biological replicates). Error bars represent s.e.m. Centre is mean. d) Co-localization of *Legionella*-containing vacuole and RTN4 network in primary murine macrophage cells. These experiments (panels a,b and d) were repeated two times independently with similar results. For gel source data, see [Supplementary Figure 1](#SD2){ref-type="supplementary-material"}.](nihms962492f13){#F13}

![Size-exclusion chromatography profile of SdeA~FL~\
SdeA~FL~ shows dimeric behavior in Size-exclusion chromatography column (Superdex 200 16/60). This experiment was repeated two times independently with similar results. For the inset n=1. For gel source data, see [Supplementary Figure 1](#SD2){ref-type="supplementary-material"}.](nihms962492f14){#F14}
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![Crystal structure of the SdeA catalytic core\
a) Crystal structure and domain organization of SdeA~213-907~ stable fragment identified by limited proteolysis. Loops connecting the AHL to PDE and mART domains are partially disordered in the crystal structure and are depicted with dotted lines for clarity. b) Superimposition of mART-core and SdeA AHL in proximal orientation with the mART-core of Vis toxin from *Vibrio splendidus* (PDB: 4Y1W). Inset shows the NAD^+^ binding pocket between mART-core and AHL in proximal orientation. c) *In vitro* Rab33b ubiquitination assays comparing the activity of SdeA~213-907~ and SdeA~213-907ΔAHL~. ProQ-Diamond phosphostain was used to monitor PR-Ub. d) NAD^+^ sensitivity of SdeA~FL~ and SdeA~213-907~. Abcam Ub antibody was used to monitor the levels of unmodified Ub. e) ε-NAD^+^ hydrolysis assay with various constructs of SdeA. Experiments were repeated independently three times with similar results (1c--1e). For gel source data, see [Supplementary Figure 1](#SD2){ref-type="supplementary-material"}.](nihms962492f1){#F1}

![PDE catalytic mechanism\
a) Active site of SdeA PDE domain depicting residues important for catalysis. Distances between important catalytic residues are indicated in Å. b) *In vitro* ubiquitination assays with PDE histidine mutations. This experiment was repeated independently three times with similar results. c) Stabilized intermediate was analyzed by targeted LC-MS/MS after tryptic digestion. By low energy HCD, the phosphoramidate bond was targeted specifically for partial fragmentation, creating, besides the intact precursor, marker ions for the tryptic peptides of the active site of SdeA's PDE domain and PR-Ub. This experiment was repeated independently two times with similar results. d) Proposed catalytic cycle in SdeA PDE domain mediated by E340, H277 and H407. Electron transfer is indicated by curved arrows. Detailed description of the mechanism can be found in [supplementary information](#SD3){ref-type="supplementary-material"}. For gel source data, see [Supplementary Figure 1](#SD2){ref-type="supplementary-material"}.](nihms962492f2){#F2}

![Substrate recognition by SdeA\
a) *In vitro* ubiquitination of Rtn4 peptides and Rab33b by SdeA~FL~. b) Alignment of target serine sequences of SdeA identified thus far. c) *In vitro* ubiquitination of 47 degenerate peptides designed with Rtn4 substrate peptide as template. d) Sequence motif generated by NNalign software, resulting from analysis of *in vitro* ubiquitination data of the peptides. Experiments were repeated independently two times with similar results (3a, 3c). For gel source data, see [Supplementary Figure 1](#SD2){ref-type="supplementary-material"}.](nihms962492f3){#F3}

![Substrate-binding site in SdeA PDE domain\
a) SdeA PDE domain in surface representation with the catalytic site colored in orange. b) Amino acid residues in the PDE active site (orange) and the putative substrate-binding cleft (magenta) are indicated. c) *In vitro* Rab33b ubiquitination assays with SdeA~213-907~ substrate-binding mutants. d) *In vitro* RTN4B ubiquitination assays with SdeA~213-907~ substrate-binding mutants. e) Fold change in colony forming units in wild type *L. pneumophila* and the Δ*sidEs* strain complemented with mutants defective in substrate ubiquitination. SdeA catalytic dead mutant EE/AA (E860_E862A) was used as a control (n= 3 biological replicates). Exact p-values are: (Δ*sidEs*: pSdeA=0.024), (pSdeA: pSdeA EE/AA=0.032), (pSdeA: pSdeA M408A=0.028), (pSdeA: pSdeA M408AL411A=0.023) as analysed by two-tailed test. f) Percentage of RTN4 positive vacuoles containing relevant *L. pneumophila* strains (n= 3 biological replicates). Exact p values are (Δ*sidEs*: pSdeA=0.0015), (pSdeA: pSdeA EE/AA=0.0015), (pSdeA: pSdeA M408A=0.0034), (pSdeA: pSdeA M408AL411A=0.0051) as analysed by two-tailed t-test. Error bars represent s.e.m. Centre is mean. \* and \*\* represents p \< 0.05 and p \<0.01, respectively (4e, 4f). Experiments shown in panels c and d were repeated independently two times with similar results. For gel source data, see [Supplementary Figure 1](#SD2){ref-type="supplementary-material"}.](nihms962492f4){#F4}
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